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ABSTRACT
Within this study, the presented material has the objective of providing insight and design
characteristics for gas jet nozzles that experimentalists and researchers should consider when
utilizing this experimental method. Firstly, this study introduces the developing history and
necessity for gas jet experiments and its well-known drawbacks, eventually leading to recent
studies and founded knowledge regarding the nozzle geometry dependence of the flow field. The
simulation methodology of this study will be presented where the discretization of the
computational domain, selection of the flow physics model, and overall design of the nozzle
geometry is explained and justified. The flow field data from these simulations will then be
presented and compared against various analytical relations taken from literature to analyze
differences among the different datasets. Finally, interpretation and discussion of the results will
lead to design recommendations, reasoning, and optimization of gas jet nozzles that
experimentalists should consider when deciding to incorporate the gas jet nozzle within their
experiments.
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INTRODUCTION
Gas Jets find their uses in many different applications. Historically, these apparatuses have found
their uses in metal catalysts depositions and pulsed laser target beam experiments. The need for
experimental apparatus that utilize gas jets have increasingly been more popularized over the
years as their application becomes more apparent in disciplines such as radiation-biology,
nuclear fusion, and aerospace studies [1, 2]. Traditionally, pulsed laser target experiments have
used a solid target to be contacted with a high-powered laser. However, the drawback of such a
method is the lack of expediated regeneration and considerable debris [3]. Within vacuum
conditions, a high level of cleanliness is necessary.
The experimental configuration of gas jets is relatively simple. There is a high stagnation
pressure at the reservoir that usually will contain an inert gas. The atmospheric conditions within
the chamber are of extremely low pressures to maintain vacuum conditions. Due to these
conditions, supersonic flow will become realized, as the Mach number (Ma) is more than capable
of reaching values higher than unity. The Mach number (Ma) is defined as the unitless ratio of
the fluid velocity and the speed of sound. To differentiate flow speed regimes of subsonic, sonic,
and supersonic, Ma is often employed as the parameter.
𝑀𝑎 =

𝑢
√𝑘𝑅𝑇

(1)

From these considerations, it has become understood that the geometry of the nozzle will play an
important role in shaping the flow field of the gas jet. Most experimentalists will utilize a
capillary tube due to its simplicity [4]. However, the caveat of using such a configuration usually
means the involvement of a skimmer (Fig. 1). A skimmer is essentially a walled nozzle that has
1

the effect of reducing the spatial expansion of the gas jet. Skimmers are often use in tandem with
differential pressure pumps. A schematic in Fig. 1 utilizes a traditional skimmer setup before the
second differential pump.
Skimmer

Fig. 1 - Gas jet nozzle in laser target experiment with differential pumping and skimmers [5]

Involving a skimmer will require more complexity in the design and constraints for the overall
experimental system. The intense expansion of the gas jet flow into a vacuum and the
occurrences of shockwaves only serve to make the incorporation of a skimmer more reasonable.
Shockwaves are defined as a sudden change in fluid properties occurring in infinitely small
sections of flows. Shockwaves act to drastically scatter the gas jet, thus making the gas jet less
intense [6]. An example is that for nanoplasma experiments that utilize gas jets, shockwaves are
deemed undesirable as targets of interest such as clusters are scattered after the occurrence of a
shockwave leading to a lessened laser contact regime. Clusters are an ensemble of atoms and
molecules held together by weak molecular forces. Valuable information of nanoplasa formation
is lost while less clusters can be energized by lasers, thus making the overall system less
efficient.

2

Fig. 2 - Expanding gas jet flow structure [7]

From this behavior, it seems that employing a skimmer is a necessary complexity to essentially
prepare the gas jet expansion for laser contact. However, if one were to decide against the
incorporation of a skimmer due to cost and complexity, the laser must contact the gas jet within
the Zone of Silence (ZOS). Within figure 2, the ZOS is seen to be the spatial region contained by
the axial barrel and the perpendicular Mach disk. Both the axial barrel and Mach disk are
observable shock structures formed by shockwaves. The ZOS is termed its name due to its very
low value of the speed of sound, thus disabling the propagation of acoustic waves within this
region [22]. Aided by the low static temperatures, the ZOS becomes a desirable zone for laser
contact as clusters formation occurs throughout this region [Ieshkin]. Enhancing the cluster
formation within the ZOS becomes key. Primarily two things are of interest, reducing the spatial
expansion of the gas jet and extending the axial length of the ZOS by movement of the Mach
disk further downstream. The desirable behavior that can come with lowering the spatial
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expansion and extending the axial length of the ZOS is enhanced density by constraining the
expansion into a smaller region and a longer cooling zone for cluster formation respectively [22,
23]. From these discussions, the investigative design of gas jet nozzle geometry and their ability
to create optimal gas jet expansion becomes a necessary design consideration.

4

BACKGROUND
Nozzle Geometry

Various experimentalists have pursued research expenditures regarding the nozzle geometry and
its gas flow performance. A vast amount of work has gone into research of nozzle geometries to
realize such goals. Initially, Hylton R. Murphy and David R. Miller showed the qualitative flow
fields of various nozzle geometries. There were three nozzle geometries of interest: a sharpedged orifice, ideal orifice, and a simple capillary tube.

Fig. 3 - Schematic of nozzle geometries and their qualitative flow field [4]
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The sharp-edged orifice shows intense flow expansion at the exit of the nozzle after the sudden
convergence of the nozzle. Hylton R. Murphy and David R. Miller had noted that the Mach
number is equal to unity 0.25 diameters after the nozzle exit [4]. The ideal orifice shows a flow
schematic that exhibited a less aggressive turn, it was shown that the flow within the center is
isentropic and uniform leading to the possible application of thermodynamic isentropic flow
relations [4]. The simple capillary tube shows an intermediate flow schematic between the ideal
and sharped edge orifice. The location of the sonic surface (Ma = 1, Fig. 4) was predicted to be
within the capillary near the exit [4]. This result shows that the choked flow condition occurs at
that location within the capillary, meaning that the mass flow rate of the gas has reached a
maximum [9].
Using conventional aerospace propulsion nozzle design methodology has been attempted for the
gas jet nozzle. Conventional aerospace nozzle design uses a converging-diverging nozzle (CD)
or known as the De Laval Nozzle. CD nozzles are commonly used in propulsion applications due
to their ability to accelerate flow to supersonic conditions. Nikhil D. Deshpande et al, presents a
general computational fluid dynamics (CFD) study of the gas dynamics of such nozzles. The
goal of this study was to validate the analytical isentropic flow equations that can predict flow
properties such as velocity, temperature, and pressure. Simulation data of such flow properties
were recorded and compared against the analytical equations showing very close agreement.

6

Sonic surface, choke point

Ma < 1

Ma = 1

Ma > 1

Diverging section

Converging section

Fig. 4 – Mach number regimes in CD nozzle geometry schematic

Choking conditions in CD nozzles will only occur at the smallest cross-sectional area of the
whole nozzle (Fig. 4). In subsonic conditions for the converging section of the nozzle, the
highest Mach number that can be achieved will be of unity [10]. Therefore, this flow condition is
known as the choking condition. Ultimately, it can be understood that CD nozzles are able to
accelerate flow from sonic to supersonic conditions effectively. This result will become an
important point of discussion when analyzing the gas jet expansion of CD nozzles.

7

Compressible Flow, Shockwaves, & Mach Disk Distance

Compressible flow is a flow condition where density can no longer remain constant throughout
the flow. The Mach number becomes the parameter in which whether compressible flow
assumptions are appropriate. Compressible flow assumptions become appropriate at Ma = 0.3
[11]. These conditions can be showed through simple mass flow conservation equations:
𝑚̇ 1 = 𝑚̇ 2

(kg/s)

(2)

𝜌1 𝐴1 𝑢1 = 𝜌2 𝐴2 𝑢2
Equation 2 shows that the mass flow rate into any flow system must equal the mass flow rate
exiting the system, the unit of this relation is kilograms per second. The mass flow rates can be
derived into its parameter form of density, cross sectional area of the geometry, and flow
velocity. For incompressible flow conditions, the constant densities would simply drop out of the
equations. However, it becomes clear that at high Mach numbers which correlates to high
velocities, that density must change to hold Eq. 2 true [12]. Often density changes throughout a
flow system are accompanied with associated temperature and pressure changes, thus making
compressible flow a more complex flow regime than incompressible flow [12].
Flow regime

Mach number, Ma

Compressible flow, 𝜌 nonconstant

Ma > 0.3

Incompressible flow, 𝜌 constant

Ma < 0.3

Table. 1 – Compressible & incompressible flow regimes with associated Ma ranges.
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Shockwaves, as stated before are defined as a sudden change in fluid properties occurring in
infinitely small sections of flows. A study by Mohan Kumar G et al was done to design an
optimized nozzle using CFD that could prevent shockwaves which act to spatially diverge flow,
thus making the flow less intense. The study showed that shockwaves are mostly dominated by
the pressure difference between atmospheric and nozzle exit conditions [13]. Unfortunately,
these large pressure differences are also the conditions that gas jets experiments utilize as they
are executed in high vacuum conditions.
Essentially, shockwaves occur to maintain the mass conservation equations (Eq. 2). When a flow
system is exiting into background conditions, the flow must be able to adjust to those
background conditions to fulfill mass conservation. In the case where the exiting flow is
supersonic (Ma > 1), the flow is exiting so fast that the flow properties such as density, velocity,
and pressure cannot adjust quickly enough to the background conditions [6, 13]. To achieve such
an adjustment, a shockwave occurs to forcefully and suddenly change these flow properties (Fig.
5). This effect can be seen in Mohan Kumar G et al study where a sudden pressure jump is
observed which acts to slow down the velocity, thus causing a decrease in Ma as well [13].

Ma1>1, u1 , ρ1 , 𝑃1

Ma2 <1, u2 , ρ2 , 𝑃2

Fig. 5 – Shockwave occurrence and flow property change in CD nozzle schematic.
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As stated, the Mach disk is a visible shock structure formed by shockwaves. In essence, the
Mach disk acts as the perpendicular border between the ZOS and the scattered flow after the
Mach disk. A study by S. Christ et al investigated the effective ratio of Mach disk distance from
𝑥

the nozzle exit and nozzle exit diameter (2𝑟𝑠 ) as pressure ratios of background and stagnation
𝑒

𝑃

𝑥

conditions were varied (𝑃 0 ). It was found that 2𝑟𝑠 followed a linear relationship with the pressure
∞

𝑒

ratio (Fig. 6). The study concluded that the Mach disk distance, 𝑥𝑠 is most sensitive to the
pressure ratio [14]. It becomes apparent that 𝑥𝑠 becomes the parameter of interest that can
reliably predict the overall shape of the gas jet expansion.

Fig. 6 – Overall pressure ratio of stagnation & background pressure vs nondimensional Mach disk distance relative
to nozzle exit. [14]
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Pressure Exit Conditions

Within gas dynamics, there exist three exit pressure conditions that classify the expansion of
gasses exiting from nozzles. These three classes are under expanded, ideally expanded, and
overexpanded flow. For gas jet experiments, the pressure exit condition that is usually seen is
under expanded flow.
Under expanded flow is a flow condition where the exit pressure of the nozzle is greater than the
background pressure. The biggest implication of such a pressure condition is the large expansion
of the gas jet (Fig. 7). Essentially, the high-pressure gas pushes out and the background pressure
cannot contain such a strong expansion [8]. Erwin Franquet et al concluded that the Mach disk is
can only appear in this pressure exit condition [15]. For the cases of this study, this is the
behavior that will be seen due to the vacuum conditions.
Ideally expanded flow is the flow condition where the exit pressure of the nozzle is equal to the
background pressure. Within this pressure exit condition, the gas jet is seen to exit with no large
or constrained expansion due the same magnitude of exit and background pressure [8].
Over expanded flow is the flow condition where the exit pressure is less than the background
pressure. The spatial form of this gas jet expansion is that the exiting expansion gets compressed
by the background pressure causing the gas jet expansion to converge [8]. For cluster production
in the ZOS, this condition would be very beneficial [22]. However, as achieving an ideal
expansion exit condition is already quite difficult due to the vacuum conditions of gas gets,
achieving over expanded flow would be an ambitious goal.
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𝑃𝑒 > 𝑃∞

a)

𝑃𝑒 = 𝑃∞

b)

𝑃𝑒 < 𝑃∞

c)
Fig. 7 – Schematics of a) under expanded flow expansion, b) ideally expanded flow expansion, &
c) overly expanded flow expansion.
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METHODS
CFD Software

CFD simulations are considered to be one of the most powerful tools available to scientists and
engineers that provide insight about fluid physics for any given application. Most CFD programs
tend to follow the same setup where of a finite volume Navier Stokes numerical solver.
Essentially there is a discretized computational domain, and numerical methods are applied to
each discretized control volume to solve the Navier Stoke, Bernoulli, and Euler equations to
compute flow properties of interest (Fig. 7). Once these flow properties have been computed, the
data can be visually shown in mediums such as contour plots, vector plots, and line graphs. The
goal of this study simulation is to replicate experimental conditions well enough where insights
taken from the flow simulation can guide the geometrical design of CD nozzles for gas jets. This
study will utilize StarCCM+, an industry standard CFD software.

𝑥𝑖 , 𝑦𝑖

dy

dx

Fig. 8 – Physical domain transformation to discretized computational domain schematic.
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Variation of Nozzle Geometry

The design of the geometry of the nozzle of interest is the first step in developing this simulation.
Taking design inspirations from propulsion nozzles, the CD nozzle was chosen as the geometry
of interest that will be studied. The nozzle exit radius (𝑟𝑒 ) is the parameter that is varied for each
simulation, using the StarCCM+ inhouse computer aided drafting (CAD) editor. There is a sharp
wedge before the entrance of the CD nozzle to replicate the geometry of the poppet that will
actuate gas flow (Fig. 8). The choke radius and CD nozzle inlet radius will remain constant
throughout all simulation trials. Compared to nozzle geometries used in practice, the exit radii
are quite large, however smaller geometries in StarCCM+ tend to become more unstable to
mesh. As this study remains more concerned about qualitative results to provide design insight
for experimentalists, this decision remains appropriate for the current study.
Each simulation for each 𝑟𝑒 is computed for 21,000 iterations to allow the simulation to each a
steady state in its solution. A line probe that records the axial Mach number is used to locate the
onset of the Mach disk thus recording the Mach disk distance (𝑥𝑠 ) (Fig. 8). Each 𝑥𝑠 is recorded
for each simulation by locating the sudden drop in Mach number indicating the presence of the
shock wave and thus the Mach disk. A probe is also placed at the exit of the nozzle to record
values of axial exit pressure (𝑃𝑒 ) and exit Mach number (Ma) for each simulation (Fig. 8).
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𝑟𝑒

Line probe
𝑥𝑠

Poppet

𝑃𝑒 , 𝑀𝑎
Mach disk

Fig. 9 – Nozzle geometry simulation setup schematic.

Field Discretization

Discretizing the computational domain becomes the next step within any CFD study. All CFD
software are built upon the fundamental equations that represent fluid flow such as Navier
Stokes, Bernoulli, and Euler equations [16]. These equations become their differential form and
are applied on a discretized domain. Discretizing the computational domain means to “cut” the
domain into smaller pieces or control volumes, these control volumes are called cells and the
now discretized domain is called a mesh. These fundamental equations are than solved over the
whole mesh. Simulation stability and accuracy are dependent on the form of the mesh, whether
this domain is fine or coarse. Generally, a fine mesh will yield more accurate results due to its
higher fidelity modeling but will be more computationally expensive. A coarse mesh will have
the opposite effect, coarse meshes tend to run more efficiently but at the cost of accuracy.
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Fig. 10 – Simulation mesh of 20 mm base size.

A good mesh design is a mesh that can essentially combine the best of both worlds of a fine and
coarse mesh. To elaborate on this claim, figure 9 shows higher fidelity meshing at regions of
interests where accurate results are needed. In regions further away from the main gas jet flow,
the mesh becomes coarser as there is no need for accuracy within those regions. A Quadrilateral
and Prism Layer mesher was used in tandem to provide efficient computing in the overall mesh
and to achieve higher fidelity computing near boundary layers occurring on the nozzle walls. The
base size that was chosen for all simulations was 10 mm due to the convergence of results shown
in an initial mesh independence study. The base size is considered the single parameter that all
cell dimensions are based on. Changing the base size has the effect of proportionally changing all
other cell dimensions in the mesh. All ongoing simulations were running with the same base size
to reduce bias in the computed results.
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Fig. 11 – Simulation mesh of 10 mm base size.

A mesh independent study is often needed for the successful verification of convergence of a
true result within a CFD simulation. Intuitively, it makes sense that the associated simulation
results are dependent on the mesh. Conducting a mesh independent study means to refine the
mesh of the computational domain until results of the simulation do not change. In doing this, the
results have been verified to be independent of parameters of the mesh [17]. The mesh
independence study was selected for a single simulation of interest, which was the nozzle
geometry of r = 0.004 m as it showed the greatest 𝑥𝑠 within the coarse mesh simulations (Fig. 9).
Initially, the 20 mm base size mesh (Fig. 9) simulation is running until a steady state is reached.
Once the steady state is reached, the mesh independence study begins by reducing the base mesh
size by a factor of

1

. Overall pressure drop was used as a parameter to know when to refine the

√2

mesh size. Essentially, once the overall pressure drop has converged to a value, the base mesh
size will be decreased by the stated factor to refine the mesh. The key parameter that is recorded
for verification of mesh independence is 𝑥𝑠 . This parameter is recorded for every base mesh size
until the simulation has converged to a single value of 𝑥𝑠 . Figure 10, in contrast to figure 9
shows much higher fidelity in terms of mesh fineness.
17

A Richardson extrapolation was applied to estimate 𝑥𝑠 value as a function of the base cell size.
The comparison of the converged 𝑥𝑠 value with the Richardson extrapolated 𝑥𝑠𝑟 value, there is
seen to be strong agreement that the convergence of 𝑥𝑠 should start at a base cell size of 10 mm
(Fig. 10). Essentially, this result means that the simulation results have become independent of
the mesh at base cell size of 10 mm. From this result, all simulations were then chosen to have a
base cell size of 10 mm.

0.07
0.06

x_s (m)

0.05
0.04
0.03

Richardson extrapolated 𝑥𝑠

0.02

Simulated 𝑥𝑠

0.01
0
0

5

10
15
Base cell size (mm)

20

25

Fig. 12 – Richardson extrapolated and simulated 𝑟𝑒 values versus base cell size for 𝑟𝑒 = 4 mm simulation
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Flow Physics & Boundary Conditions

Selecting the proper physics model that can simulate experimental conditions is a key step in
assembling the simulation. For this experimental case, there are three main physical models that
are used: the Laminar flow model, Peng – Robinson real gas model, and the steady flow model.
The Laminar Flow Model is an appropriate choice since the overall scale of the nozzle is
relatively small, the occurrence of turbulent flow becomes nonphysical. A study done by J. L.
Henares et al, showed that the Peng – Robinson real gas model tends to yield more accurate
results in high overall pressure ratio flow applications than other gas models such as the ideal gas
model [3]. A steady flow model was chosen for the fact that no flow parameters across the flow
domain should not vary with time, this means that flow parameters should only vary with special
location. The elemental gas that was chosen to be simulated was Nitrogen gas, 𝑁2 . Gas jet
experiments are traditionally conducted with inert gasses due to their increased ability of cluster
formation [22].
In figure 12, the schematic shows the associated boundary conditions of the overall flow field.
The simulation will be treated as an axisymmetric flow stemming from the assumption that
computed flow properties will be symmetric in the radial direction. The far field boundaries are
chosen to be pressure outlets with an extrapolated flow condition. The background boundaries
are set at vacuum conditions of a background pressure (𝑃∞ ) value of 250 Pa. This pressure value
will be taken as a gage pressure throughout the simulations. The stagnation pressure (𝑃0 ) at the
reservoir outlet in figure 12 is set at 2000000 Pa. Within experimental conditions, the vacuum
pressure is traditionally set lower than the value listed before. However, this pressure value was
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chosen as the simulation becomes very unstable as the vacuum pressure is decreased further. The
overall pressure ratio remains high which still maintains the vacuum conditions. From these
boundary conditions, the flow is essentially driven by the large pressure differential. For the
nozzle walls and the poppet, a solid wall boundary conditions were chosen.

𝑃0

𝑃∞

Poppet

𝑃∞
Fig. 13 – Boundary conditions applied to nozzle geometry simulations.
Fig. 13 – Boundary conditions applied to nozzle geometry simulations.
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RESULTS & DISCUSSION
The associated simulation results will now be presented. All simulations were iterated for 21,000
iterations to ensure that the simulation would reach a steady state. It should be noted that the
residuals of all simulations are relatively low and stable, but not progressively decreasing with
each iteration. Residuals are defined as the difference between a previous iterated solution and
the current iterated solution.
Mach Disk Distance

Figure 13 shows the simulated 𝑥𝑠 versus 𝑟𝑒 , where 𝑟𝑒 is the only parameter that is varied
throughout all simulations. The orange curve shows a trend of an initial increase of 𝑥𝑠 then a
decreasing trend after the data point of (𝑟𝑒 = 0.003, 𝑥𝑠 = 0.503) m. Following the negative trend
after this data point, there is a sudden rise in 𝑥𝑠 at 𝑟𝑒 = 0.007 and 0.0075 m. After these two
points, a sudden drop in 𝑥𝑠 is seen at the last data point. Consider the theoretically calculated 𝑥𝑠
values shown in figure 13 computed from the relation:
𝑥𝑠
2𝑟𝑒

𝑃

= 0.69𝑀𝑎√𝑘 𝑃 𝑒

∞

(3)

Where Ma is the exit Mach number, k is the ratio of specific heats, 𝑃𝑒 is the nozzle exit pressure,
and 𝑃∞ is the background pressure. Equation 3 is an equation derived for CD nozzles presented
by a study done by Erwin Franquet et al [15]. Originally, equation 3 is derived from an
experimental relation found by Ashkenas and Sherman for simple converging nozzles and show
strong agreement to the method of characteristic solution originally investigated by Palmer et. al
[19, 20].
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When viewing the theoretical 𝑥𝑠 values, there is always a progressive increase as the nozzle exit
radius is increased as well as a less sensitive change once larger 𝑟𝑒 values are approached. The
simulated values of 𝑥𝑠 is seen to be more fluctuating than following any progressive increase.
The theoretical 𝑥𝑠 values are also seen to be constantly an order of magnitude larger than the
simulated case. Regarding equation 3, it is not known if this relation is assuming an optimal
diverging exit angle with an adequate diverging length. These geometrical parameters often play
a strong role in the performance of CD nozzles and their spatial expansions [18, 21].

x_s, Mach disk distance (m)

0.18
0.16
0.14

0.12

Simulated 𝑥𝑠

0.1

Theortical 𝑥𝑠

0.08
0.06
0.04
(0.003, 0.0503) m

0.02

(0.007, 0.0503) m

(0.0075, 0.0519) m

0
0

0.002

0.004

0.006

0.008

r_e, Nozzle exit radius (m)
Fig. 14 – Plot of simulated Mach disk distances ( 𝑥𝑠 ) versus nozzle exit radius ( 𝑟𝑒 ).
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0.01

Contour Plots

Figures 14, 15, 16, and 17 are live contour plots taken for each stated flow parameter of interest.
Strength of the magnitude of these parameters are correlated to the color bar. In figure 14,
velocity contour plots are presented for simulations of 𝑟𝑒 = 0.001764, 0.003, and 0.008 m.
Visually, the Mach disk can be seen quite well at a distance 𝑥𝑠 away from the nozzle exit for
each simulation. As expected, there is a substantial drop in velocity after the Mach disk
indicating the presence of the shockwave. There also exist axial bands of faster velocities
surrounding a zone of slow velocities right after the Mach disk, a consequence of scattering
caused by the shockwave. When viewing the evolution of the axial length of the ZOS for the
different 𝑟𝑒 ’s, there is seen to be a desirable increase in 𝑥𝑠 from case a to b which follows the
theoretical prediction of an increasing 𝑥𝑠 for an increasing 𝑟𝑒 seen in figure 13. However, at case
c there is seen to be a decrease in 𝑥𝑠 which translates to a reduction in the axial length of the
ZOS. In terms of spatial expansion, there is no major reduction. The vacuum pressure ratios
remain the dominant factor that maintains the under expanded flow and large spatial expansion.
Figure 15 shows the density contour plots of the gas jet for each case. For all the cases, it can be
seen that a higher density zone can be maintained in the supersonic expansion of the gas jet for
some time before a decrease in density is seen. For cluster formation, this effect is seen to be
quite desirable [22]. From case a to case c, there is also seen to be an increase in the low-density
zone occurring in the ZOS right before the Mach disk. This result indicates that supersonic flow
can be sustained for longer periods of time before the shockwave. The pressure contour plots
also replicate this behavior as the low-pressure zone is increased for each increasing 𝑟𝑒 (Fig. 16).
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Figure 17 represents the temperature contour plots for each 𝑟𝑒 simulation case. Following the
evolution of the ZOS in terms of temperature, there is seen to be a substantial extension in the
cooling zone within the ZOS from case a to b. The result is desirable as the longer cooling zone
allows for longer range of cluster formation and cooling [23]. For case c, it is seen that the
cooling zone within the ZOS decreases which replicates the decrease in 𝑥𝑠 seen in figure 14. It is
apparent that 𝑥𝑠 becomes a good estimate of the size of the cooling zone within the ZOS.
In terms of design recommendations and insight gathered from the stated results, there is no
black and white design method that can be made for this investigative design study. In figure 13,
the large discrepancy of 𝑥𝑠 values gives confusion on how CD nozzle geometry design should be
approached. However, the agreement in the initial portion of both curves in figure 13 in terms of
an increasing 𝑥𝑠 for an increasing 𝑟𝑒 gives hope that CD nozzles have the potential to achieve the
objectives needed for optimized gas jet experiments. This potential is also shown well in the
contour plots with the initial increased density zone and longer cooling zone, both desirable for
cluster formation. Going from these results, experimentalists and nozzle designers ought to be
weary about other aspects of their geometrical design other than just 𝑟𝑒 for CD nozzles, as the
large discrepancy in figure 14 shows. However, the potential in CD nozzles have been shown
and experimentalist and nozzle designers should start the design process attacking 𝑟𝑒 as this
parameter was seen to be able to increase 𝑥𝑠 both theoretically and through the initial
simulations.

24

a) 𝑟𝑒 = 0.001764 m

b) 𝑟𝑒 = 0.003 m

c) 𝑟𝑒 = 0.008 m

Fig. 15 – Velocity contour plots for different 𝑟𝑒 ’s.
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a) 𝑟𝑒 = 0.001764 m

b) 𝑟𝑒 = 0.003 m

c) 𝑟𝑒 = 0.008 m

Fig. 16 – Log scale density contour plots for different 𝑟𝑒 ’s.
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a) 𝑟𝑒 = 0.001764 m

b) 𝑟𝑒 = 0.003 m

c) 𝑟𝑒 = 0.008 m

Fig. 17 – Log scale pressure contour plots for different 𝑟𝑒 ’s.
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a) 𝑟𝑒 = 0.001764 m

b) 𝑟𝑒 = 0.003 m

c) 𝑟𝑒 = 0.008 m

Fig. 18 – Log scale temperature contour plots for different 𝑟𝑒 ’s.
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CONCLUSION
There is certainly no black and white solution to such phenomena occurring in under expanded
flow systems, however the investigative design of this study shows a possible route that any
experimentalist should consider. The Mach disk distance (𝑥𝑠 ) gives the design process an initial
performance parameter that relates to the ZOS. This parameter becomes the key “tuning”
parameter for any design that experimentalist and nozzle designers should include in their
decision making of possibly incorporating CD nozzles in gas jet experiments in terms of only
focusing on the geometry. The possibility in increased efficiency, decreased complexity, and
decreased cost of gas jet experiments makes investigative designs a necessary research
expenditure. There should always be a desire to increase the effectiveness of an already proven
experimental method as an increased effectiveness ultimately leads to wider availability of the
experimental method.
Within future workings, it is necessary to investigate the optimal diverging angle and length of
the CD nozzle to achieve optimized results of 𝑥𝑠 values and spatial expansion. An investigation
of this relation could possibly bring clarity to the discrepancies seen in figure 13. From this
investigation, it is also important that more analytical methods that can fundamentally relate the
geometry of CD nozzles and parameters such as 𝑥𝑠 be found and thoroughly validated for design
purposes. As of now, equation 3 is one of the only equations that can accomplish this task. More
analytical relations are needed to help guide the design process. Ultimately, the will to design
always comes from a desired outcome that is found from analytical techniques. For engineering
practice in industry, this is often the case.
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